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(57) ABSTRACT

The present invention concerns a system for contactless
determination of the position and orientation of a first
mobile object (M) relative to a reference mark (R ) carried
by a second fixed or mobile object (P), in a disturbed
clectromagnetic environment comprising a transmitting
antenna (E) with ferromagnetic cores (E-1) having magnetic
permeability higher than 10, incorporating sensors (E-3) for
measuring the magnetic field X actually emitted by the axes
of the ferromagnetic cores. A means (4-4) for extracting the
signal correlated with the ambient noise X5, (T,-K,T_)—
from the sensors (Sb) fixed 1n the platform (P), forms, with
measurement X of the emitted magnetic induction, a com-
plete model of the measured fields, making 1t possible to
extract, without errors, the six parameters relative to the field
model without disturbances.
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HYBRID INERTIAL/MAGNETIC SYSTEM
FOR DETERMINING THE POSITION AND
ORIENTATION OF A MOBILE BODY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a national phase entry under 35 U.S.C.
§ 371 of International Patent Application PCT/FR2014/
052843, filed Nov. 6, 2014, designating the United States of
America and published as International Patent Publication
WO 2015/067903 Al on May 14, 2015, which claims the
benefit under Article 8 of the Patent Cooperation Treaty to
French Patent Application Serial No. 1302366, filed Nov. 6,
2013.

TECHNICAL FIELD

The field of the mvention 1s the measurement of the
position and orientation of a mobile body M, which moves
in translation and rotation relative to a reference mark
connected to a fixed or mobile structure P relative to an
inertial reference frame fixed-type reference mark. In par-
ticular, the 1nvention concerns the determination of the
position and orientation (P/O) of the helmet of a pilot 1n the
reference mark of an aircraft, P/O from which the angular
position of an external target 1s determined in the same mark
by sight through a system including the helmet-mounted
display of the pilot. In a known manner, the pilot superim-
poses on the external target the 1mage of a collimated cross
projected on the transparent visor thereof, and acquires the
measurement taken by the device by pressing on a push-
button.

More specifically, concerning the devices for determining,
the P/O, called “trackers of magnetic technology,” the main
problem of determining the position and orientation of a
mobile body relative to a reference mark connected to a
fixed or mobile structure having to be accurately determined
comes from an electromagnetic environment significantly
disturbed by radiated magnetic fields (“EMI” for Electro-
magnetic Interferences, “ECI” for Eddy Current Interfer-
ences or fields due to Eddy currents) and/or magnetic fields
induced by ferromagnetic bodies (“FMI” for FerroMagnetic
Interferences), environments such as the cockpits of aircraft
and, more specifically, ol helicopters, surgical operating
rooms, etc. Thus, the accuracy 1s signmificantly degraded in
the presence of the interferences. Therefore, the problem
consists of finding the means to improve the performances
despite the disturbances.

BACKGROUND

U.S. Pat. No. 7,640,106 1s known 1n prior art describing
an apparatus for determining the position of a selected object
relative to a moving reference 1mage, the apparatus includ-
ing at least one reference frame transceiver assembly
secured to the moving reference frame, at least one object
transceiver assembly firmly attached to the selected object,
an 1nertial measurement unit firmly attached to the selected
object, an 1nertial navigation system (“INS”) secured to the
moving reference 1mage, and a tracking processor coupled
with the object transceiver assembly, to the inertial mea-
surement unit and to the inertial navigation system, the
object transceiver assembly communicating with the refer-
ence frame transceiver assembly using magnetic fields, the
inertial measurement umt producing IMU 1nertial measure-
ments of motion of the selected object relative to an 1ner-
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2

tially fixed reference frame, the inertial navigation system
producing INS 1inertial measurements of motion of the
moving reference frame relative to the inertially fixed ref-
erence frame, the tracking processor receiving electromag-
netic measurements resulting from the magnetic communi-
cation between the reference frame transceiver assembly and
the object transcerver assembly, the tracking processor deter-
mining the position of the selected object relative to the
moving reference frame by using the IMU 1nertial measure-
ments and the INS inertial measurements to optimize the
clectromagnetic measurements.

French Patent FR2807831 1s also known in prior art
describing a device for measuring the position and orienta-
tion of a mobile object relative to a fixed structure, 1n a
disturbed magnetic environment, including;:

a first assembly of orthogonal coils emitting magnetic
fields, secured to the fixed structure, defining a refer-
ence mark;

a second assembly of orthogonal coils recerving magnetic
field(s), secured to the object, and forming a sensor,
cach of the coils belonging to a sensor channel.

Such a device includes means:

for simultaneous and continuous field emission, on the
coils of the first assembly;

for measuring, on the sensor channels, the vector sum of
the emitted fields and of the disturbance fields gener-
ated by the environment;

for evaluating the disturbance fields;

for estimating fields emitted 1n an undisturbed environ-
ment by suppressing the evaluated disturbance fields
from the vector sum; and

for computing the position and orientation of the object 1n
the reference mark.

U.S. Pat. No. 3,646,525 describes another example of
equipment for determining the position and orientation of a
helmet worn by a crew member 1n a vehicle including a
generator, associated with the vehicle, which produces a
rotating magnetic and electric field of fixed strength, the
orientation and frequency within at least a portion of the
vehicle. The apparatus also includes a plurality of detectors,
cach of which generates a signal proportional to at least one
of the electric or magnetic fields, at least one point associ-
ated with the helmet and calculation circuitry responsive to
the signal for determining the coordinates of the at least one
point relative to the generator and for determining the
position and orientation of the helmet.

U.S. Pat. No. 6,400,139 also describes an example of an
apparatus for position/orientation tracking within a bounded
volume. The methods and apparatus employ at least one
fixed sensor, called a “witness sensor,” having a fixed
position and orientation near or within the volume to
account for electromagnetic distortion. One or more probe
sensors are placed on an object having to be tracked within
the volume, and the output of each witness sensor 1s used to
compute the parameters of a non-real effective electromag-
netic source. The parameters of the eflective source are used
as mnputs for the computation of the position and orientation
measured by each probe sensor, as 1f the object were 1n the
non-distorted electromagnetic field produced by the eflec-
tive source or sources. In addition to trackers for the
helmet-mounted displays in aircraft, tank, and armored-
vehicle applications, the invention finds utility i any elec-
tromagnetic tracking system that might be subject to elec-
tromagnetic distortion or interference.

In general, the solutions of prior art do not teach solutions
to compensate for the disturbances not correlated with the
transmitters (actual emitted fields).
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U.S. Pat. No. 7,640,106 requires a first inertial sensor in
the helmet and a second 1nertial sensor and an estimator
(Kalman filter) for determiming an orientation of an object.
The solution requires providing a sensor on the fixed plat-
form 1n order to determine the angular orientation of the
helmet in the mark of the platform by incorporating the
estimated relative velocity. Relative velocity 1s obtained by
measuring the difference between:

the angular velocity of the mobile body measured at the

output of an IMU angular velocity sensor attached to
the mobile body, the orientation of which 1s to be
determined, measured 1n a fixed inertial frame (1nertial
reference frame); and

the angular velocity of the mertial plattorm measured by

an INS-type inertial unait.

The solution, therefore, requires a double nertial system,
doubling the noise and the errors.

Furthermore, the solution does not take into account the
strong electromagnetic disturbances observed 1n a real cell,
for example, a helicopter or airplane cell.

Furthermore, the solution requires an estimation to be
carried out of the angular velocity.

The solution taught by U.S. Pat. No. 6,400,139 includes

the interpolation of data coming from a plurality of sensors
in view of creating a model of the fields sent by real sources,
and modelling unknown or dummy sources to compensate
the Eddy current disturbances. The solution consists of
installing a plurality of fixed witness sensors in the vicinity
of the volume 1 which the mobile body moves, 1n order to
construct a model of the field measured by the witness
sensors. The model 1s used for recomputing by interpolation
the field measured by the sensor positioned on the mobile
object, which does not make it possible to compensate the
disturbance fields of Eddy currents, nor does 1t make 1t
possible to process the disturbances of radiated and non-
correlated disturbances (EMI). Only the ECI-type distur-
bances are correlated with the emitted radiative field.

All of the solutions of prior art require the use of an
additional 1nertial platform to determine an additional mark
in addition to the reference system provided by the inertial
system of the aircraft, which complicates the implementa-
tion and the errors.

BRIEF SUMMARY

The object of the disclosure relates to a system aiming to
remedy the disadvantages of the prior art and to establish a
method and produce a process for eliminating electromag-
netic disturbances (ECI: Eddy currents, FMI: induced {fer-
romagnetism) 1n real time without requiring the very expen-
sive need to map the effective volume scanned by the sensor.

Another aim of the disclosure 1s to improve the signal-
to-noise S/N ratio of the P/O detector for obtaining the
required performances in environments significantly dis-
turbed by EMI (for example, 1n aircrait and, more specifi-
cally, in helicopters: radiated fields created by on-board
generators and on-board equipment). The signal-to-noise
S/N ratio may be expressed as the ratio between the standard
deviation of the signal Sc received by the sensor i “free
space,” 1.€., without any electromagnetic disturbance and the
standard deviation of the noise B, the noise being the sum of
all of the signals not coming directly from the transmitter
(inductive field).

The purpose of the disclosure 1s to achieve an 1mprove-
ment of the S/N ratio 1n the order of 1000 for the most
critical cases (helicopters).

4

A third aim of the disclosure 1s to compensate the latency
of the output mformation through hybridization with an
inertial system.

By referring to FIGS. 2, 3 and 4, which will subsequently

> be explained, it 1s indicated that functions of the disclosure:
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Deploy an optimized transmitter E 1n the following direc-
tions:

Generation of alternating currents by E-2 according to

a specific temporal pattern on a finished temporal

support and being repeated sequentially. The pattern
1s preferably a Pseudo-Random Binary Sequence
(PRBS) generated by E-4 of the processor 4.

Multiplication by three to ten of the signal emaitted
relative to the transmitters of prior art (comparable
reference distance, volume). The method consists of
optimizing the winding shapes of the transmission
axes to increase the number of turns for a given
diameter of wire and to introduce a core of very
permeable material of specific shape for increasing
the induction emitted 1n ratios higher than 10:E-1.

Reduction of the total power and, in particular, the
power lost by Joule eflect, which increases the
temperature and may cause the results to shift (ex-
pansions, deformations, etc.), which amounts to
reducing the emission current.

Control E-2 of the system 1n magnetic field as a result
ol sensors E-3 (also known as “‘sensors_E”) being
included 1n the coils of the transmission axes.

Control of the magnetization of the magnetic coils by
measurement of the symmetry of the alternating
currents 1njected by E-1-2.

Measure the total field by a sensor with Ne axes C-1, the
bandwidth of which ranges from a few tens to a few
thousands of Hertz, the output Sc of which 1s at Ne
components.

Acquire by the processor 4 the data Xu from E, Sc from

C-1, Sp from C-2, $ angular velocity of the object M
and A=, 0, ¢ the attitudes of the platiorm both from
C-3, all of the 1inertial measurements.

Filter the various disturbances (noises) of Sc (measure-
ment of the sensor C from C-1), 1.e., the radiated
disturbances (EMI), the disturbances created by the

Eddy currents (ECI for Eddy Current Interferences)

circulating 1n the conductors situated 1n a close volume

and caused by the variable fields emitted by the trans-
mitter, as well as the FerroMagnetic effects (FMI for

FerroMagnetic Interferences):

The noised signal Sc 1s measured by the receiving
assembly C-1, the noise Sp 1s measured and esti-
mated from the measuring device C-2. It will sub-
sequently be described that, in a particular embodi-
ment, according to the conditions of the
environment, the noise may be estimated from the
device C-1, preferably over a time during which no
current 1s sent into the coils E-1 by E-4.

The filtering, subsequently explained 1n a first embodi-
ment, 1s performed in the processor 4-4 by construct-
ing a temporal model of the preceding disturbances
and by estimating therefrom the parameters using an
optimal or sub-optimal filter in real time over short
times T, during which the currents injected into
coils E-1 are zero. The variables of the model are
magnitudes varying over time, independent or
weakly correlated from the statistical point of view
that make 1t possible to show the variations of useful
signals and noises. In a second embodiment, an
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embodiment of the ambient noise S, 1s measured by
a sensor block C2, a complete model of which 1s
modelled as previously. The parameters of the model
are used to eliminate by subtraction all of the com-
ponents of S, correlated with the fields emitted by
coils E-1. Thus, the non-correlated noise 1s extracted
to become an independent variable of the linear

magnetic model of the signals measured by the
sensor C-1 attached to M.

Determine, from all of the parameters i1dentified, the
parameters of the single model of the fields emitted
by the axes of the transmitter (field known as undis-
turbed “free space™) and, in particular, the matrix for
computing 1 a known manner the position and
orientation of the mobile object.

Improve the dynamic behavior of the detector, 1n particu-
lar, by minimizing the latency of the detector, 1.e., the
time between the real istant of occurrence of an event
over the magnitude to be measured and the detection
thereol by the P/O determination system. The improve-
ment 1s made through hybridization of the preceding
magnetic detection with an inertial assembly for mea-
suring the angular velocities of the mobile object and
use of the attitudes of the mertial unit of the platform.

In the disclosure, which will subsequently be described in
more detail, the currents injected into the windings that
create the inductions, are preferably simultaneous. The
measured inductions are, therefore, the sum of the fields
emitted at mstant t and the fields present 1in the environment.
Therefore, the aim of the disclosure 1s to distinguish 1n the
measured field each component emitted by each transmis-
sion axis. The recognition of the field emitted by one of the
components constitutes demultiplexing of the inductions
that can be functionally qualified by comparison with the
inventions cited that either perform temporal demultiplexing
(emission not simultaneous but sequenced over time) or
frequential demultiplexing (detection of frequencies in the
spectral range). When the fields are demultiplexed, 1t 1s
considered that three independent emissions were received
on three sensor axes.

With regard to the hybrid system, the principle of the
disclosure consists of using the attitude provided by the
magnetic tracker means expressed 1n the fixed 1nertial frame
to reset or 1mitialize the computation of the attitude of the
IMU gyrometric sensors obtained by incorporation into the
inertial frame of a dynamic equation for predicting a quater-
nion. The attitude of the tracker means expressed in the
inertial frame simply uses the attitude of the platform
provided by the INS, in the form of three Euler angles or
DCM matrix (direction cosine matrix of the platform) or of
the quaternion computed from the Euler angles or DCM
matrix. The dynamic prediction model, computed at high
speed, 1s reset to time t-T,, T, being the latency time of the
magnetic tracker means, at each arrival of the quaternion
provided by the magnetic tracker means. The information
necessary for computing the quaternion (in particular, the
angular velocities of the IMU of the mobile object) having
been stored in memory over time T, the quaternion predic-
tion model 1s recomputed from time t-T, up to the current
time t by using the velocities stored in memory. Beyond time
t up to the next arrival of the magnetic tracker information,
the quaternion 1s computed at the frequency for acquiring
angular velocity measurements. The disclosure also com-
prises the real-time correction of the triaxial angular velocity
sensor by estimation of the errors of the sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will be better understood upon
reading the following description, concerning non-limiting,
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examples of embodiments of the disclosure referring to the
accompanying drawings where:

FIGS. 1A-1C show schematic views of solutions of prior
art;

FIG. 2 shows a
reference system:;

FIGS. 3A and 3B show schematic views of the architec-

ture of the disclosure;
FIG. 4 shows a schematic view of the detailed architecture

of the disclosure;

FIG. 5 shows a
emitted inductions;

FIG. 6 shows a schematic view of a transmitter block of
prior art;

FIG. 7 shows the schematic view of the formation of an
axis E1 of the transmitter according to the disclosure;

FIGS. 8A and 8B show examples of embodiments of
transmission axes:

FIG. 9 shows a schematic view of a core installer accord-
ing to the disclosure;

FIGS. 10A and 10B show schematic views of the field
control;

FIG. 11 shows the temporal transmission diagram; and

FIGS. 12A and 12B show schematic views ol magnetic-
inertial hybridization and an inertial extrapolator.

schematic view of the mark and object

schematic view of the control of the

DETAILED DESCRIPTION

According to FIG. 2, the system for contactless determi-
nation of the position and orientation (P/O) of a first object
M, the associated orthogonal mark R,, of which 1s mobile
relative to a reference mark carried by a second object P
(Platform), fixed or mobile relative to an inertial reference
frame R, of fixed orientation relative to the stars situated at
the center of the earth. The device 1s arranged 1n a disturbed
clectromagnetic environment. A transmitter E consisting of
N. coils forming a quasi-orthogonal mark R, 1s rigidly
attached to the platform P. The transfer matrix R ., » between
transmitter mark R, and platform mark R, 1s presumed
constant and measured during installation of the mechanical
reference of the transmaitter in the platform P. When the mark
R . 1s mobile relative to R, as 1s the case when the platiorm
1s an aircrafit, the mark R, 1s defined in the mark R, by the
Euler angles defiming the attitude and computed by the
inertial unit or an equivalent device and transmitted to the
process of the disclosure. It should be noted that the quater-
nion Q,, like the transfer matrix R,,, between R, and R,
represent the attitude of P relative to R,. On the mobile
object M are nigidly attached the magnetic sensor with Nc¢
quasi-orthogonal axes C-1 known as sensor_C and the
inertial sensor C-3-1 of three orthogonal axes angular
velocities. The latter sensor 1s, for example, of MEMS
(Micro-Electro-Mechanical Systems) type, which measures
the angular velocities 1 1ts own reference mark R_,, the
orientation of which i1s presumed known by an 1n- fgi actory
measurement according to procedures known by the person
skilled 1n the art. The sensor C-1 1s a sensor for measuring
the magnetic induction field of fluxgate, fluxmeter, con-
trolled fluxmeter, Hall eftect sensor, AMR, GMR, TMR, etc.
The axes thereof are defined by the transifer matrix R,
fixed and 1dentified 1in the factory in a known manner.

In the case of some applications for which the environ-
ments are significantly magnetically disturbed by EMI, a
particular embodiment consists of adding a certain number
of sensors known as sensor_B represented by block C-2 1n
FIG. 3A. The sensors are attached to the platform. The
sensors are 1- to 3-axis sensors of the same type as the
magnetic sensor C-1, and the number thereot 1s higher than
or equal to 1. The orientation and position thereof may not
be known accurately, which constitutes an advantage. These
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are placed at a suiliciently large distance from the transmitter
in the environment of the platform 1n order to measure as

[ 1

little as possible the field emitted by the transmitter E. The
aim 1s to measure the EMI present 1in the environment of the
sensor C-1. Ideally, a single axis 1s sutlicient but one or more
1- to 3-axis sensors may have to be placed close to specific
equipment of the platform to measure harmiul disturbances
related to the item(s) of equipment.

General Architecture

FIG. 3B shows a schematic view of the hardware archi-
tecture of the system according to the disclosure.

The mobile body (M) 1s a helicopter pilot helmet, the cell
of the helicopter forming the platform (P).

On the helmet (M) are attached an electromagnetic sensor
(C-1) and an IMU 1nertial sensor (C-3-1), the two sensors
being mechanically connected in a rigid manner to the
helmet (M).

On the platform P are attached:

a transmitter E;

an 1nertial platform C-3-2; and

a reference electromagnetic sensor C2.

A computer (4-4) receives the signals from the various
components and carries out the processes described below.

FIG. 4 explains the assemblies known as “blocks™ and
shown 1n FIGS. 2 and 3A:

A first assembly E for transmitting magnetic induction(s),
comprising a first transmitting sub-assembly E-1 of Ne, Ne
being equal to at least two transmitting coils, the axes of
symmetry of which, not parallel with one another, form a
mark R, attached to the second object P.

A first receiving assembly C-1, attached to the mobile
object M and comprising Nc¢>=2 non-parallel receiving
coils, forming a mark R -, sensitive to the ambient magnetic
field resulting from the vector sum of the fields emitted by
the first transmitting assembly E and disturbing magnetic
fields generated by electric currents existing in the environ-
ment and by ferromagnetic magnetizations, the second
assembly forming a sensor C-1 secured to the first mobile
object M and such that the product Nc*Ne>=6, the {first
mobile object M has a reference mark R, ,. The orientation
of the mark R, relative to the mark R,, 1s constant and
noted by R /M the direction cosine matrix of the axes of
C-11n RM. The Nc components of SC form the output of the
first recerving assembly C-1.

A computing processor 4 for computing the position and
orientation of the first mobile object, coupled with the first
analog/digital conversion (or ADC) means 4-1 for carrying
out the acquisition, at discrete times t,=k*Te, of analog
signals S_, X , and S, according to FIG. 4, which will be
better described subsequently, the second analog/digital
conversion means B4, which generates the command of the
temporal sequence of currents.

Notations

In a preferred embodiment, Ne=Nc=3 will be taken.

The total field B, three-component vector (pseudo vec-
tor), existing at the center of the sensor i1s the sum of the
following inductions:

B TE:§Eﬁ§EMﬁ§ECﬁ§FMﬁ§ T [1]

with

§EW§EU1+§EE+§E{E

[2]

where B zo; 18 the 1induction expressed 1n the transmitter
mark, and emitted by the transmission axis ] (j=1 to 3) at the
center of the sensor C-1. It 1s presumed 1n the equation [2]
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that the emission 1s simultaneous on the three transmission
axes F1, since B,,, 1s the sum of the three inductions.

B .., 1s the vector of the induction radiated in the envi-
ronment, for example, generated by the currents circulating
in the electrical equipment, by the on-board generators, by
the 50-60 Hz sector, etc. The same can be modelled by the
sum of periodic fields B not correlated with the B, and
ficlds B, which are EMI signals, the characteristics of
which are presumed random because they cannot be repre-
sented by deterministic signals of known or estimated char-
acteristics.

B ondt, =B o+ B 5 3]

B ., 1s the mduction vector at the center of the sensor,
created by the Eddy currents in the conductors situated in the
environment of the P/O system, the same produced by the
magnetic field emitted by the transmitting antenna at the
location where the conductors are found.

B, 1s the induction vector at the center of the sensor,
created by the magnetization of ferromagnetic materials
situated 1n the environment of the P/O system.

B 1s the induction of the earth’s magnetic field.

It should be noted that, according to FIG. 4, the induction
B, 1s the usetul signal very strongly correlated with the
emitted currents and, more specifically, B.,, 1s linearly
dependent on the measurements Xu of the fields emitted by
the three axes El and measured according to E-3, the
inductions B, -, and B, are also strongly correlated with
the emitted field Xu.

One of the aims of the disclosure 1s to eliminate by
filtering all of the inductions so as to only keep the measured
vector, the model of which is expressed by B,.,~[R__|
(B., +B. ., B, 3) where B.,,, Bz;», Bz;» are the three-
component vectors of the field emitted and received at the
center of the sensor (expressed 1n the mark of the transmut-
ter) and R -, 1s the rotation of the sensor mark relative to the
mark of the transmitter. Demultiplexing of the transmission
channels 1s carried out (recognition ol the portion of the
signals that comes from the transmission channel 1=1 to 3),
1.€., to determine the components Bc,, Bc,, B, of the sensor
C-1 coming from the emission of the axes 1, 2 and 3 of the
transmitter E-1 1n order to form the 3x3 matnx: [Becul=
|Bc, IBc,IBc;]. The method for computing the rotation of the
sensor 1s obtained 1n a known manner (U.S. Pat. No.
4,287,809 to Egli): knowing B_ ., an estimation of B, 1s
deduced by using an induction model 1n free space (without
disturbances): R,.=B. B, .

From the matrix [R_, ], the Fuler angles or the quaternion
Q"*™, which are two representations of the attitude of the
object M, are taken 1n a known manner.

The static and dynamic accuracy performances are obvi-
ously increasing with the S/N ratio. The increase of the S/N
ratio sought 1s obtained in two obvious and complementary
manners: increase the power (or the amplitude) of the usetul
signal 1 particular 1n low frequency and jointly reduce the
power of the noise by filtering.

Transmitting Assembly E

A first aim of the disclosure i1s the assembly E,
includes according to FIG. 4:

a second transmitting sub-assembly consisting of Ne
means of injection E-2 of predetermined currents
through the 1 coils E-1, 1=1 to Ne of the first assembly

E in order to generate a predetermined induction flux
Fi(t) as a function of the time according to the charac-
teristics specific to each axis 7 of the coils; a preferred
embodiment consists of including 1n the nterior vol-

ume of the j coils E-1 a highly permeable magnetic

which
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material of the type ferrite bar or umetal wires or of
ferromagnetic alloy such as VITROVAC® or PER-

MALLOY®, etc. The magnetic material, as will be
subsequently described, makes it possible to multiply
the magnetic induction under certain conditions of
form, which will be discussed.

a thlrd sub-assembly E-3 of the first transmitting assembly

=, consisting of means of measurement of the electro-
motive force due to the mduction flux Fj(t) relative to
cach axis of the Ne transmitting coils E-1, the assembly
E-3 including one magnetic sensor for each transmis-
sion axis, which measures the flux emitted, and one
clectronic for adapting the signals E-3-2. Any magnetic
induction sensor (fluxgate, controlled fluxmeter, Hall
cllect sensor, AMR, GMR, TMR) may also be suitable
for measuring the fields. However, a preferred embodi-
ment consists of winding the turns concentrically rela-
tive to the coils E-1 to form a simple fluxmeter sensor.
A voltage amplifier E-3-2, preferably comprising a pure
incorporation of the signals such that the magnitudes
X, are homogeneous to a magnetic induction, pro-
duces the interface on one hand with the ADC acqui-
sition system 4-1 of the processor 4, on the other hand
with the block E-2, which constitutes the current con-
trol device of the coils E-1. The mput or setpoint of the
control E-2 1s the three-component signal V. provided
by the block E-4, which 1s the generator of the sequence
of Ne predetermined cyclical currents of periodicity
T _,.. The block may be autonomous (memory equipped
with a sequencer and containing the sequences of
setpoint values of the currents) or even, 1n a preferred
embodiment indicated in FIG. 4, incorporated into the
processor 4. The values of the sequence are preferably
random binary values, the sequence 1s known as PRBS
for Pseudo-Random Binary Sequence, the embodiment
and properties of which are known by the person
skilled 1in the art. The binary values of the sequence
between -V,~ and +V,~ volts are provided with the
recurrence of T =T1_, /N_, where N_, 1s the charac-
teristic number of values of the sequence generated.
The same are determimistic signals over the duration
T _,. of constant spectral density as a random noise
known as white, over the range of frequencies between
1/T_,. and l/TE,. FIG. 5 shows for one of the axes 7 the
transfer functions of blocks E-1, E-2, E-3 {from FIG. 4,
which form part of the control of the emitted magnetic
induction. The signals Xu, constituting the measure-
ment of the magnetic inductions emitted by the axes
E-1 are subtracted from the corresponding signals V,
to form the error ¢ of the control, the same being
processed by a corrector network E-2-1,, which com-
pensates 1n a known manner the transfer function of the
current amplifier and mainly the time constant T of the
windings with magnetically permeable core E-1, the
time constant T being close to the ratio between the
total inductance L and the resistance r, of the coil. The
transier Tunction of the current generator block E-2-2
takes into account the characteristics of the winding.
The magnetic field H, produced by the current is
proportional to the number of turns per unit of length n
with a coeflicient of proportionality K,, which depends
in a known manner on the geometrical shape of the
winding. The magnetization of the core 1s based on the
sum of H; and the disturbing magnetic fields present in
the environment H.,,. The magnetic induction B,
produced 1n a point of the space outside of the windings
by the currents and the core may be written Bz={,
(H+Hg, ), where p_-etlective permeability represents
the proportionality term between the magnetic excita-
tion field H, and the output magnetic induction, the
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magnetic field H; 1s proportional to n*1, “n” being the
number of turns per unit of length and I 1s the intensity
of the current circulating in the turns of the transmitting
coil E-1. It 1s known that the coeflicient p_41s based on
the relative permeability of the magnetic material, of
the geometrical shape of the cores, the shape determin-
ing the demagnetizing field within the material, of the
ratio between the interior volume of the coil and the
volume of the material, but also losses by Eddy cur-
rents. The means for obtaining the values ot p_z>>100
will subsequently be indicated. In the control, the
detector of the electromotive force E-3-1 previously
described has a transfer function K, *p (derivation
with induction conversion variation AB ./ Volt=K ., - into
Tesla per Volt). The block E-3-2 carries out a pure
incorporation of gain K., to obtain a homogeneous
output with the setpoint V, .

The main object of the control 1s to cancel out the EMI

magnetic fields present 1in the environment, which are added
to the exciter tield proportional to n*1, where 1, 1s the current

relative to the winding j, but also to linearize the coetlicient
L because 1t 1s known that the magnetization of magnetic
materials has a non-linear magnetization curve with satura-
tion for the strong excitations.

From FIG. 5, 1t 1s easily shown that the output B, 1s the

following:

G-F Vic Meff
+
1+ G-F F G- F

BE = HEM.’

with

_AVic
-~ ABy

and

KA 1+TP
G=Kog—Kp 1o T+ T

R

L_.1s the effective permeability 1f 1n addition 1n the useful
band: GF>>1

Vi L Mt Vie M eff 4]

b = + b
F ' a-G-F EMI 2 . F DEMI

with . - eflective relative permeability

where B, 1s the induction produced at the center of the
coreand U, Eﬁ»the cllective relative permeability. The signal-
to-noise ratio 1n the coreless and control-less configuration
1S

Vfﬂ /B
2 EMT-

With core for E-1 and control E-2, it 1s seen that the
signal-to-noise ratio 1s

Vi C #r_fﬁ

FiG-F

BEny.

To keep the same signal-to-noise ratio while keeping the
same order ol magnitude for B, in output, 1t 1s, therefore,
necessary that G-Fzp, . The relation defines the minimum
gain of the control chain. The corrector network of the
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shifted proportional type K, (1+Tp) must be adjusted
according to the rules known for ensuring the stability of the
control. It 1s also possible to produce a PID according to the
techniques taught automatically. Another interesting aspect
of the disclosure 1s the linearization of the field emitted by
the control. As u, - 1s a highly non-linear tunction, the
hamionics B appear as output of E-1 1 FIG. 5. If the

harmo
output 1s expressed according to the inputs V., , B, and
B, . the following i1s obtained:
G-F Vie  Bramo  Hr eff [5]
Bg = ( + + —=05 )
*T1+G-F\F  G-F G F ™M
1 Bharmo My eff
By ~ —(v,-ﬂ+ = p )
L 2 G EMT

It 1s observed that i1if G*F>>1, the amplitudes of the
harmonics are divided by the gain of the direct chain G. That
said, as will be highlighted 1n the paragraph dealing with the
modellmg and filtering, the fact of measuring X, and of
using reference signals of the induction emitted in the model
of signals received, makes the filtering device 1nsensitive to
harmonics, which 1s a fundamental advantage relative to
existing systems for which the measurement of the current
in E1.1, E1.2, E1.3 1s no longer the image of the induction
emitted following the appearance of harmonics.

As said previously, one of the aspects of the disclosure
consists of producing a core 1n order to obtain an eflfective
relative permeability p, - of a few hundreds of units. The
existence of cores of ferrite or of shims made of ferromag-
netic alloy exists 1n a number of applications. The latter
used, for example, 1 transformers, must be laminated to
reduce the Eddy currents, which counter the magnetization
and cause losses. Ferrite, much more conductive than fer-
romagnetic alloys, makes 1t possible to use cores with
uniform density of the matter obtained by sintering. In
general, the cores are spherical or cubic (or even parallel-
epiped) according to FIG. 6. The magnetization of the
permeable matter of the cores subject to an excitation of
magnetic field 1s a complex phenomenon because of devel-
oping a demagnetizing field that counters the excitation
ficld. The demagnetization field 1s often explained by the
creation of dummy magnetic fields on the surface of the
volumes of ferromagnetic matter. Therefore, 1t 1s simply
explained that the demagnetizing field 1s closely linked to
the geometry of the volume of the core and to the magne-
tization. The demagnetizing field can only be computed for
simple examples (sphere, ellipsoids, cylinders). In the gen-
eral case, approximations are made. Thus, for a sphere of
maternial of infinite relative permeability ., 1t 1s shown (c.1.
1. D. Jackson, Classical Electmdynamxcs ed. Wlley) that the °
effective relative permeability p, - 1s at a maximum of
three. For a cube, the value 1s of the same order of magni-
tude. With cubic or spherical cores, very high gains cannot
be expected. It 1s known that for elongated cylinder-shaped
bars of diameter D and length L, the demagnetizing field H,,
at the center is —-0.5*(D/L)**M, i.e., Hd=—8*M where the
magnetization M 1s of the type M=(u,—1)H, H being the
magnetic field present within the maternial after the magne-
tization, with the relation H=H,-H,,, H, being the external
magnetic excitation field and o 1s the demagnetizing factor.
Close to the edges, the demagnetizing field 1s M/2.
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From the preceding relations, a formula of the induction

1s deduced, for the ellipsoids of which the magnetization 1s
uniform,

MR
H
I+ (ug—1)-6 "

B=,u,.j-
and 1f

up >> 1,

MR

B = B
1 +ug-6 "

In general, u,-0>>1, therefore,

Using the preceding example of the elongated bar, this
gIves

LZ
BZQ(—) B = I"B-

The relation 1s only approximate, the value of p. 1s, 1n
general, lower because the magnetization 1s not uniform.
Experimentally, the exponent 1s between one and two, but an
increase 1n the induction 1n the order of 1, 1s indeed observed
in the volume of the material, but also on the outside.

Therefore, the disclosure consists of an arrangement of
permeable bars of L/D ratio chosen so that the gain in
induction p, ~o-w, 1s higher than ten. The coetflicient a,
lower than the unit, takes into account a plurality of factors,
in particular:

the volume of magnetized material parallel with each axis

of the coils, with each axis having to have the same
volume and the volume of each one 1s a third of the total
volume available.

the manner in which they are wound, the turns producing

the excitation field H,,.

the Eddy currents induced by H,.

According to the disclosure, to optimize the coetlicient .,
very thin bars of permeable material are used, for example,
wires of umetal, PERMALLOY® or VITROVAC® electri-
cally 1solated 1n advance, stored according to Panel 7-1 of
FIG. 7 in a tube of matenal resistant to heat treatments
(silica, ceramic).

Thus, according to the at least two non-parallel transmis-
s10n axes, the bars are grouped (Panel 7-2 of FIG. 7) to form
a block of square section (Panel 7-3 of FIG. 7) or cylinder
shape (Panel 7-4 of FIG. 7) comprising a large number of
5 bars. The blocks of Panels 7-3 and 7-4 of FIG. 7 are arranged
so as to form three volumes of orthogonal magnetization
materials and having a symmetry relative to the center
common to the three axes.

FIG. 8 A shows how the assembled blocks of Panels 7-3
or 7-4 of FIG. 7 can be used: three windings are produced
around three identical blocks that are then assembled
mechanically to form three substantially perpendicular axes.
The three coils are not concentric, which poses significant
difliculties for finding the position of the three-axis sensor
attached to the object the position and orientation of which
1s to be found. Therefore, preference will be given to
concentric transmitting blocks according to FIGS. 8B and 9.
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In FIG. 8B, preferable configurations of blocks are shown so
that there 1s a center of symmetry of the three magnetized
volumes and that each axis has a magnetic moment of
similar value. FIG. 9 has two projection views of a preferred
device that 1s a generalization of the preceding blocks: a
plurality of blocks of type 2-3 are interlinked according to
the three directions such that there 1s the best symmetry
relative to a central point. According to FIG. 9, a cubic block
1s obtained on which three substantially orthogonal wind-
ings are arranged through which will pass the currents
injected by the electronic circuits. So that the magnetic

induction vector behaves 1n the space according to the
equations of the dipole, 1n accordance with embodiments of
the present disclosure, a block 1s produced, the external

surface of which 1s similar to a sphere, by having the blocks
shown 1n Panels 7-3 or 7-4 of FI1G. 7 of shorter length when

moving further away from the center.

A device consisting of producing three concentric spheri-
cal coils instead of the concentric cubic coils as shown 1n
FIG. 9, and mtroducing the same overlap of blocks of the
type shown 1n Panels 7-3 or 7-4 of FIG. 7 1n the volume of
the 1nner coil remains within the field of the invention.

Another aspect of the disclosure concerns the control at
zero of the quasi-static magnetization produced by quasi-
static disturbances, such as, for example, the earth’s mag-
netic field. To avoid the saturation of the bars of blocks
shown 1n Panels 7-3 or 7-4 of FIG. 7 in the presence of a
continuous or quasi-continuous magnetization, the symme-
try of the currents circulating in the coils 1s detected. FIG.
10A shows the operating principle: when a static or quasi-
static field Hext 1s present in the environment, the projection
H,, thereof according to the transmission axis E.1 offsets the
point of operation of the alternating excitation field H,
produced by the coils according to the diagram in FIG. 10B.
When the offset H D 1s zero, the difference between the peak
values I," and I,” 1s zero. If H,, 1s not zero, the difference
between the peak values I,,” and I,,” 1s not zero. This is due
to the non-linearity of the magnetization curve of the fer-
romagnetic materials that modifies the inductance of the coil
L. depending on the excitation H sum of the external field
H__. and of the excitation H, created by the current of the
coils knowing that L=p (H)xL, with L, inductance of the
coreless coil. Exploitation of the impedance variation that
deforms the current 1s carried out by the detection of the
symmetry of the current circulating 1n the coil. The current
through the resistance R ;,,; 1s measured at point E.1.7, j=1 to
3, by the impedance adapter amplifier E.5.2, the output
voltage of which passes through a double peak detector
E.5.1, which in a known manner detects the positive peak
value 1,7 and the negative peak value I,,”. Then, the
difference 1,,7-1,,” 1s filtered by a filter RC of the first
conventional order, the cut-oft frequency of which 1s a few
Hertz. The output V 5, 0of E.5.1 1s then added to V,_, with
the s1ign adapted according to the direction of winding so as
to cancel out the field offset H,,. The symmetry of the current
could also be detected by the creation of even harmonics of
the current knowing that the symmetrical excitation Hi only
has odd harmonics.

A. The on-Board Processor 4:

The computing processor 1s coupled with the three mea-
surement assemblies C-1, C-2, C-3, previously described, 1n
order to first produce at discrete times t,=k*Te the acquisi-
tion of signals, on one hand, by analog/digital conversion of
the second recerving assembly C-1 as well as of the third
sub-assembly E.3.1 of the first transmitting assembly E, on
the other hand, by digital serial links of the third assembly
for acquiring angular velocities C.3.1 at the frequency F. -
as well as the angles of attitude of a second object M relative
to the absolute fixed mark delivered by C.3.2. Second, to
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generate and produce digital/analog conversions by the

block E.4 for previding the setpoints of the control of

predetermined currents 1n the first transmitting assembly E.
Third, to produce the computations of a {irst p051t10n/
orientation from a complete model of the measured induc-
tions, the variables of which are developed from the signals
acquired and some parameters of which, identified by opti-
mum filtering, represent the terms proportional to a dipolar
or multipolar field model of which the position and orien-
tation of the block C-1 are extracted. The block 4.3, rece1rves,
for example, from a conventional digital serial link that
communicates with the inertial system of the platform, the
information dated relative to the specific clock of processor
4 1s constituted. I necessary, this makes 1t possible to
temporally reset the attitudes of the platform. The block also
receives the serial type digital information of the MEMS
inertial sensor C-3-1.

B. Method for Extracting the Noise Reference:

If the equation [1] 1s used,

B IE:?EUF?EMFFB’EC#?FM#?T [/]

the useful signal §EU 1s linearly dependent on the signals
emitted by the transmitter block E. According to FIG. 4, the
fields emitted by the axes El are measured by the block E3
previously described as the output of which is Xu,. In other
words, Xu; 1s the image of the magnetic field emitted by the
axis | regardless of the non-linear amplification function
provided by the magnetic cores. It can be noted that the sum

of the ECI and FMI noises noted B, ., ~B . -+B ,,, (PCU
for disturbances correlated with U) are the noises correlated
with Xu. The earth’s magnetic field 1s presumed to be
filtered by a known conventional filter not forming part of
the invention. Concerning the EMI additive noises, for one
particular embodiment of the mvention, same are measured
by the block C-2: as indicated 1 FIG. 3A, the block C-2 1s
fixed in the platform P, including a plurality of sensors
installed in points such that 1) the field emitted by the
assembly E-1 1s quasi zero or at the very least much lower
than the point, contained in the volume of motion of the
sensor, where C-1 of the mobile assembly M 1s situated, 11)
the disturbance fields statistically not correlated with the
fields emitted by E-1 and existing in the center of the sensor
C-1 are very strongly correlated with said fields measured by
C-2. The above notions are subsequently specified.
Consequently, it will be considered that the additive noise

B,,, measured in Nb points of the environment, by defi-
nition not correlated with the fields emitted estimated Xu has
been noted

§RM(5;;):§SC+§R [8]

The signal §RM (t.) 1s shown in FIG. 4 by the analog
signals Sb, which are output from the block C-2 and which
are digitalized as the signals Xu; and Sc,, =1 to Ne, 1=1 to
Nc.

In some environments, such as, for example, airplanes,
the noise B, ,,1s lower than in heheepter environments and,
in particular, the noise B, 1s very low. In such a type of
environment, the noise may have to be extracted instead of
being measured. The definition of the block 4.4, therefore,
enables a method for extracting the reference noise B, (t,)
in two diflerent manners:

1. First Method:

Either an extraction directly from the signal Sc (obtained
by the acquisition of the signal provided by the first mea-
surement assembly C-1). In this case, a choice 1s made by
the processor in the block 4.4 depending on the nature of the
magnetic noise. The choice ensues from an 1nitial analysis of

the magnetic noise of the environment when powered or at
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the request of the user. For example, when powering on, in
the absence of signals emitted by the transmitting antenna,
if the mean power density values of the measured signals are
harmonic and of acceptable frequency stability (variation of
10% to 20% maximum of the mean frequency) and less than
the mean power density level of the signals due to the
emission ol the transmitting antenna when same emits, the
choice 1s made. The choice may also be made by the user
tollowing the accumulation of the experience that has been
obtained from the environment or any other means. The
choice requires the transmitting power to be zero during a
period of time T 4 the period T ~being interlinked between
at least one transmission period of time T _,_  at power not
zero, with T_.<T_, /2. Two examples are given in FIG. 11.
Over the period T , -~ the stationary disturbance signals (low
variability over T, ,.) are i1dentified 1n the same manner as
same that will be described for the extraction of the same
signals on the signal Sb. The model of these signals B_. or
B ...~ (the letter - indicates that the vector 1s expressed 1n the
transmitter mark)

o | 9]
Bsclic 1) = ) Coclic, kse) - cos(en i) + Coclics kse) - sin(wy 1)
koo=1

the frequencies w, of which are estimated (by methods of
the FFT type or preferably by methods of the High Reso-
lution type). The coetficients are 1dentified up to T .

As another example, two periods T, can be considered
according to FIG. 11 outlining the period of transmission
T o to produce a linear 1nterpolat10n ol the parameters C SC
(1, k_) and CSC”W (1., k_)). The output information 1s
therefore offset from T ons but the time may be very short 1
a HR (High Resolution) method 1s used to identify the
equation [9].

lhe mdependent variables X (t,)=cos(w, (t,)) and Xg
(tr)=sin(w; (t;)) are deduced therefrom during the perlod
T~ The variables can be grouped under the term of X_,
which becomes a matrix [N_,_, 2] where N_, _1s the number
of samples acquired during T,z N_, =1, Fe. The vari-
ables are added to the variables Xu, to form a model
relatively linear to independent variables X,,,, X_. Each
component 1. of the sensor C-1 may be written as follows,
il B, 1s negligible:

bg :EEC@ & Ik)"'ERM(fc: )
with

[10]

) Ne Nig [11]
Beclic, i) = ) Y Aclic, js kip)- Xclics J. ki)

=1k =0

where X (3, k; , tk):XD} (te=k, Te) [10] 1s written:

[10-bis]

~ FE A I .
CSC(I:::' ks-::) ' CDS(MRH: Iy ) + CSC(I:::' ks::) ' Sln(mksﬂ Iy )

It 1s noted that X~ (3, k; , t;) are the values offset over time
of the fields emltted by the transmitter on each axis j and for
cach component 1. of the sensor of the block C-1. In a way,
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the estimator 1s a transversal filter that 1s justified by the fact
that the ECI and FMI disturbances may be considered as the
output of filters substantially of the first order of which the
input are the signals X, (t,).

The indexes K, . are relative to the delays of the indepen-
dent variables of the model and range from O to Ni_, the
latter index N, being defined strictly necessary in order to
minimize the residual error. The oflset terms of K, . form a
transversal filter. B,,, 1s written 1n the form of a develop-
ment of complex variables:

NSE

Brus (ic, 1) = Bgelic, 1) = Z Cocicy kee) X (1)
Koom1

[12]

Equations [11] and [12] are linear relative to the param-
eters to be estimated.

If a model was produced for X_(t,) of the same type as
[11], 1.e., a development sum of the type [12] for each
variable X _ (t,—k__T ), this would remain within the field of
the invention. The same would apply 1f the complex param-
eters C.~ (1, k) were no longer constant but depended on
the time 1n the form of a polynomial of the time

i0=N;,

CSC(I-::' 5CH Ik)— Z CID(I(I!' s:::) Ii’{
i0=0

For the temporal model, the values of the terms C,_, (1., k_ )
are computed by developing same in [12]. Any type of
different temporal model no longer comprised of temporal
polynomial but of sums of functions of the time of expo-
nential type e or e’ *” (complex periodic function <i°*=-1)
remains within the field of the invention.

The parameters of the model are determined by a con-
ventional method of least squares (MSE) or an equivalent
recursive method (LMS, RLS). The estimation of the param-
eters relative to the variables Xu, may be refined by sub-
tracting the term B.-(1_, t,) estimated at the signal Sc(1_, t,).
The new estimation makes 1t possible to estimate the cor-
related terms with better accuracy after one or two 1terations.
The reterence noise B,,, 1s 1n this case the signal B__
estimated 1n the preceding iteration.

11. Second Method:

The continuous measurement of disturbance signals by S,
may be essential in the presence of very strong harmonic
signals of non-constant amplitudes and frequencies up to
T _, . but also in the presence of non-stationary deterministic
disturbances or random disturbances, 1.e., an estimation of
the signals radiated by the measurement of the signals S,. As
described and illustrated in FIG. 4, the signal noted S,
consists of signals coming from at least one magnetic sensor
of one to three orthogonal axes for measuring the magnetic
fields between the continuous and a few KHz (fluxgate
sensor, fluxmeter, AMR, GMR, TMR, etc.), the sensors
being attached to the second object 1n at least Nb points
measure the vector sum of the magnetic inductions present
in the Nb points of the environment, sufliciently far enough
away from the first transmitting assembly so that the assem-
bly constitutes a noise reference B, t,) by preferentially
measuring the magnetic inductions independent of the
inductions generated by the first transmitting assembly E1.
Measurements may be produced without interruption
(T_.=0).

The measurements of the additive noise B, ,, are 1denti-
fied by the output signals S, of the block C-2 of FIG. 4. In

a particular embodiment, 1n order to facilitate the drafting,
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Nb=1 will be taken and 1t will be considered that the
measurement of a single component 1s suflicient. The mea-

surement of B ~ar (t) according to a particular direction will
be noted to be considered as a signal very strongly correlated
with B.,,. In the i1deal situation, the measured noise refer-
ence Bg,, contains no signal correlated to Xu,, j=1 to 3. In
practice, 1t 1s very diflicult to arrange sensors C-2 at loca-
tions such that no component correlated with X, exists,
including and in particular the signals B.., and B.,,.
Therefore, the signal for measuring the noise S, consisting
of the same components as the signal S_ must be considered.
Theretfore, the same problem arises as 1n 1), 1.e., that the
various components of the signal S, must be 1dentified that
are written as follows:

B oo=brytBrar [13-a]

with Bry=By+Bpces [13-b]

where B, 1s linearly dependent on X,,.(t,), Bpcy, 18 lin-
early dependent on X, (t-k-Te) and

Bpar—DsctBp [14]

1s the term not correlated with X,,..

B,.,1s notnegligible as 1n 1) and this consists of extracting
from [13-a] the portion B,,, As in the case 1), all of the
terms ol the model must be 1dentified to prevent biasing the
estimation ol the parameters of the model. However, the
random signal B, 1s 1n general weaker than B~ and B_ , and
the identification may be performed over longer times
insofar as the sensors of C-2 are immobile. It can also be
considered that, since the transmitter and the sensor(s) of the
block C-2 are fixed on the same structure, the identification
ol the parameters of the model [14] may be carried out once
for all, or indeed at the start of use of the system during an
initialization phase of sutlicient duration 1n order to enable
very good accuracy 1n the estimation of the parameters
following filtering of the terms of [14], which are not
correlated with [14]. The identification 1s exactly the same as
that described 1n [10], [11], [12]. The parameters of [14] are,
therefore, stored in memory for the computation of B -,,. The
principle of extraction of By, , consists of writing:

EM:B CE_ERU [16-a]

where B ~7rare the estimates of the signals correlated with
XUu

:i&fter the 1dentification of the model of the type:

N.

Ne e
Bp =) Y Aclic. joki)) Xclics j ki) +
=1 k;_=0

~ FF Al

N .
m ]
> Celic ki) - cos(wig 1) + Ce lics ki) - sin(eg 1)
kse=1

All of the terms of the signals correlated with Xu, are
extracted therefrom to form the signal B, -

Ne Nb

Bruic, r) = Z Z Asrclic, j, kp)- Xc(ic, J, kp)

_,||'.=l f(bzﬂ

[16-b]

~

B.,, 0f [16-a] 1s, therefore, the estimate of the noise not
correlated with the emitted fields.
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It 1s, therefore, noted that when there 1s emission of
signals by E-1, in the two embodiments 1) and 11), previously
described, the same model should be identified on the
measurements Sc (coming from the block C-1) or S, (com-
ing from the block C-2).

The model of the signal to be identified within the
framework of the second embodiment of the invention for
which a measurement of the EMI noise 1s taken, and of
which only the BRM noise 1s extracted, 1s, therefore, pro-
duced.

The model of B_ 1s developed which 1s the field measured
by the sensor C-1:

o~

§C:R CIEE(E) UIE+§ CWE"‘F RM/E) [17]

In the index ., ., . indicates that the vector 1s expressed 1n
the mark of the transmitter (the index 1s sometimes omitted
by simplifications knowing that the context indicates in
which mark the fields are expressed), ,, indicates that this 1s
the portion of the field linearly dependent on the fields
emitted by the transmitter X,, The index C,, indicates that

§C =B ot B = Pepresents the vector of the disturbances

correlated with the vector X, E)CU,E could be modelled by

the convolution of E)U,E by the impulse response of the

complex filter existing between the two magnitudes. B ., -
has the same meaning as i [13] and [13], 1t 1s the noise
present 1n the environment not correlated with the emitted
fields.

B, which 1s overlooked, 1s presumed to be filtered by a
conventional digital filter known by the person skilled 1n the
art. The three models are developed linearly relative to the
parameters to be identified, for example, by a conventional
square error minimization method. When the coeflicients are
determined, the nine terms (three terms due to each trans-
mission channel for each component of the triaxial sensor
C-1) are extracted relative to X,(t,) components of the
matrix noted “A,” which will be better defined subsequently.
The fundamental 1nterest of the complete modelling of the
signals received by the sensor C-1 lies 1n the fact that the
nine parameters of A are even less biased 11 the independent
variables of the model more accurately represent the physi-
cal phenomena.

The following three models of [17] are developed: Model
ﬁwg: Model ﬁCU,E, Model ﬁRM,E:

Model B,

Consequently, 1t 1s considered that the sensor C-1 has
been corrected of the errors thereof according to known
methods: the functions of gain correction, misalignment,
etc., are applied. Presuming that the distance between the
sensor C-1 and transmuitter 1s at least three times the largest
dimension of the transmitter, 1t 1s therefore written 1n a
known manner that the model 1s of dipolar type and 1s
written

Be (D) = [Rye ] [P [H] [PI(M| fi(2) + My f> (1) + M3 f3(1)) [18]

2 0 0 [19]
0 -1 0
0 0 -1
H=—— -
DC}E

D, 1s the distance between the center 0. of the sensor
C-1 and the center of the transmuitter 0 _:

00 2Dzt [19-bis]
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D, - 1s variable as a function of time, like the rotation

R E(’[',,'Tl}i unit vector of O 560 expressed 1n the reference
mark of the transmitter R . that 1s mechamically defined in a
known manner by the person skilled in the art relative to the

20

nominal values thereotf. The coe

hicients o, [, v, are deter-

mined 1n the factory by calibration procedures on factory
test bench using methods known by the person skilled 1n the
art.

mark of the platform R, according to FIG. 2. . _ f o
P is the transfer matrix between the mark of the trans- The functions X, ~[X,, X¢pn, Xgsl' thus digitalized,
mitter and the mark (0, ¥V, W) with w=1u ., 0 and V=w"1 propfjrtlonal to the functions fl(t)j £5(t), 15(t) are thf?refore
‘ . _ the mmages of the fields emitted by the three coils: by
and known as the radial mark, where u ,, 1s the unit vector . L
of a transmission axis. It is also shown that, for example: 10 re-writing [18], 1f X, 1s the vector OO
N 20) BAD=[R (D' B(X p) M\ X (D+MoX o (D+MaX 13(0)]
RS
If 7=|y then v= f
) ez | P 15 B p)-[PIHIP] 23
Z s
Or again if it is noted 4=[R_, ())]'B(X ») [23-bis]
4] 8 4) (1:’3_ [24]
Be(n) = [A]-| Xyt (@) -my | 1 + Xp2(0)-ma | P2 + Xy (0)-m3 | P
Y1 Y2 Y3
(Ao +ApSr +Apyo)m i) +(Anaa + A + Apy2)me (0 + (Anas + A + Apsysms f3(1) 23]
Be(t) = | (A21a) + A2 51 + Agsyrmy f1 (D) + (A2 + A2 + Apsy2)ma fo(1) + (A21 a3 + A2 55 + Aszys Ims f3(2)
| (Azrr + A f1 + Assymy f1(0) + (As1ap + Aso 52 + Aszy2)mp 2(0) + (Asras + A3 + Aszys ms f3(1)
_continued 3o 1his gives three equations to each three unknowns, 1.e.,
0 nine terms to be 1dentified. Measuring the three components
S 1 . of B_, when there are no disturbances B, and B,,,of [17].
vyt +2? y the nine terms of XU:[XUU X, X.n]° are identified using
; a conventional least square method (MSE) or an equivalent
- 35 recursive method (LMS, RLS).
P={% ¥ w] 121] Therefore, the matrix W 1s obtained which can be applied
in the foil of:
In [18],
o @ w22y A A Ap e @ as|m 0 0 26]
My =m fi(D| f1 My=my /(D) p M =m3f3(0)| b3 W=|Ay Anm Ax ||B B Bl 0 m 0
Y1 V2 73 Azl Az Azl 2 vall O 0 ms |
re. W= [A]CEKE
are the dipolar moments of the transmitting coils, the amphi-
tude of which change substantially over time according to _ _ o
the functions f(t), £,(t), f;(t) imposed by the currents circu- The two matrices, C and Kz (8_‘5”115 and misalignments)
lating in the coils relative to the transmitting block E-1, are identified in the
m, m,, m, are the multiplicative terms of amplitudes of factory, therefore, the matrix A sought 1s easily obtained.
the: magnetic moments tha.t depe_{ld on the units chogenj ‘the 50 (A= W[CoK ] 27)
gains of the current amplifiers E-2, o, [3,, v, the direction
coellicients (cosines) of the collinear unit vectors of the Knowing A, the position X » 0f the center of the sensor 1n
magnetic moments (axes of revolution) of the coils, and the transmitter mark and the rotation R,z (or direction
t, (1), 1,(t), 15(t) represent the variations of the standardized cosines of the axes of the sensor 1n the transmitter mark) are
measurements proportional to the magnetic inductions emit- 55 obtained according to the methods of prior art. Through the
ted over time by each transmitting coil. The measurements identification of the matrix consisting of the coeflicients of
of emitted 1nfluct_1?ns are take‘n by the sensors E-3, sec,:ured the functions of XCU:[XUU X, . X, .]%, the demultiplexing
to the transmitter E, as shown in FIG_'fL a.nd Are PI‘OP‘?““?“E‘] of the transmitting channels was thus carried out by 1denti-
to ,. The output V., of the sensors E-3 1s either digitalized fication of a model, and not by temporal demultiplexing
b}’ j[he C‘f&N block of ‘_[he Processor for the th:ree axes and 60 (emissions not simultaneous), or by frequential demultiplex-
digitally incorporated imto therein, or, according to a pre- ing (U.S. Pat. No. 6,754,609 to Lescourret and U.S. Pat. No.
terred mode of embodl%ent of FIG. 43 it1s .ﬁrst incorporated 6,172,499 to Ashe) or any other demultiplexing.
by an analog amplifier E-3-2, then digitalized by the CAN 3
4-1 of the processor 4 and each of the channels 1s standard- Model B ¢y
ized by a coeflicient determined in the factory in a manner 65  As already seen, B, ~ may be considered as the output

known by the person skilled 1n the art, such that the values
thus standardized correspond to the physical units and to the

of a linear filter, the input of which are the inductive fields
emitted by El and the output 1s the measurement by the
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sensor C-1. It 1s therefore still possible to consider that the
output at instant t, 1s a linear combination of the inputs at

istants t,—k, Te. If 1t 15 noted: YCU(tk—kae)Z[X - (=K, T ),

X, (=K T ), X, .(t.-k,T )], for each component i_ (i =1 to
3) of the sensor C-1, the following model 1s formed:
Ne Niig) |28]

Beyelic, i) = S: S: Aculic, J, ki ) Xcu(J, I — k(ic)Te)
=1 k(ic)=0

In general, 1n the environments ol cockpits, there are
practically no ferromagnetic materials, the FMI el

eCts are
therefore low 1n particular for the high frequencies and in
addition vary substantially in 1/(D,,."D_,,") where D, is
the transmitter-disturber distance and D, the disturber-
sensor C-1 distance. When 1t 1s possible to 1gnore same, the
ECI disturbers are the only disturbers of which the model
can be written as a function of the shifts of the emitted fields:

[29]

Xcu(te =k T,) = [X}y (6 = ki TL), Xin(te = ki 1), Xba (6 — ki T)T

With

(Xyi(t) — Xyjlty — 1))

X{(10) ~ -

Model B ,,, .
The reference noise extracted from the signals Sb 1is

F Iy E)CZ .~ If the variable is called X ., (1,)=B ., (t,),

and to take into account the transfer functions between
sensors, the model of the ambient noise for each component
1_of the sensor C-1: B, ,,(1, t,), may be applied 1n the form
ol a function of the variables X, (t,-k, T ):

kp=Ngplic) [30]

Brus Gic, 1) = Z Cplkp, ic)Xpr(ty —kpT,)
kp=0

Complete Model:
The complete model [17] 1s written for each component of

N Niig)

Belics 1) =) Y Aculics js ki) Xcu (U, te — k(i) Te) +
=1 k(ig)=0

[31]

kp=Npplic)

> Colhnic)Xer(t —kyT,)
kp=0

B

The number of coeflicients and the number of vanables
are 1n the number of Ne*Max,, . (N(1.)).

The nine terms of A_ (1_,1,0) are the terms of the model in
free space, 1.e., without disturbers.

Once all of the coetlicients are estimated using a conven-
tional least squares method (MSE) or an equivalent recur-
sive method (LMS, RLS, Kalman, etc.) at each transmission
cycle T _,., the terms A_ (1.1,0) relative to the vanables
X (1) torm a 3x3 matrix identical to W of [26] and which
are the coetlicients of the model 1n free space, since same
only represent the inductive fields. As indicated above, the
first position and orientation are deduced therefrom at

10

15 1

20

25

30

35

40

45

50

55

60

65

22

instants t, from the magnetic detector insensitive to distur-
bances. The 1nsensitivity to disturbances arises from the fact
that the disclosure implements a complete model of usetul
signals and measured and estimated noises, a model for
which the coeflicients are not biased due to the completeness
of the model.

The P/O,, information according to FIG. 12A of the
insensitive magnetic orientation and position tracker system
known as IM tracker, 1.e., the position of the center of the
sensor X, z(t ) and the rotation R, (t, ) of the sensor C-1
are known at instants t =n*'1_, , n being a positive integer:
cllectively, the 1dentification of the coellicients of the equa-
tion [31] being carried out by the computing block 4-4 1s
performed on N_, points acquired at instants t, with t -
=1 _,.. The latency of the mformation provided 1s of
T,,/2
C. Inertial and Magnetic Hybridization

One of the aims of the disclosure 1s presented hereatter,
which consists of compensating the latency of a position/
orientation tracker system. The example described concerns
a magnetic system but would be applied to any system for
detecting the orientation of a mobile body.

When the signal-to-noise ratio mput from the magnetic
detection system 1s not suil

1cient, either that noise exists that
1s not taken 1nto account by the model or that noise 1s added
on the sensor C-1, one method consists of increasing the
number of points to further average the noise. Therefore, the
latency 1s increased, which 1s relatively harmiful for the
piloting of aircrait. One aspect of the disclosure 1s to
associate with the magnetic detection an 1nertial system, the
excellent short-term properties of which are known, 1.e., a
very short response time, but having long-term shiits, in
particular due to bias and bias shiits. The magnetic tracker
means has an excellent long-term stability but a response
time related to the signal-to-noise ratio, which may be
insuilicient in some conditions. The principle of the disclo-
sure consists of associating, also called hybrnidizing, the
magnetic system and the inertial system, when the platform
has an mertial umt providing the attitude of the platform at
any instant within a fixed inertial reference frame. FIG. 12A
indicates prior art that consists of using the angular veloci-
ties measured on the mobile object and also on the platform
in order to be processed 1 a Kalman filter. FIG. 12B
describes the principle of the disclosure that consists of
measuring the angular velocities of the mobile object M, and
digitally incorporating same 1n a known manner from time
t; (initial time) to time t.(final time) to obtain the rotation of
the mobile between the two 1nstants 1n the fixed mark. The
acquisition of angular velocities 1s carried out by the block
C-3-1 1n FIG. 3A, consisting of a MEMS sensor delivering
digitalized angular velocities at a specific speed T, which 1s
a sub-multiple ot T_,: T =T ,/k_, k_ 1s a positive integer,
t. 15, for example, the fraetlen of time that follows the 1nstant
of arrival of the information from the magnetic tracker
means t,, i.e., t,7t.1s the instant for which the information
1s desired. In the invention, there are two specific instants t,
The first 1s the instant t, the second 1s the instant t +T ,_

This will be better understood later.

The rotation thus computed from the initial attitude of the
gyrometric sensors C-3-1 at time t, 1s expressed within the
fixed nertial reference frame shewn by the mark R, in FIG.
2.

The information from the IM tracker means 1s available at
the output of 4-4 and constitutes the first erientatien known
as R_, (t=n'T_,). The rotation is T, (t ), i.e., the
rotation of the axes of the mark R, , connected to the mebile
object M according to FIG. 2 expressed in the mark of the
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transmitter. Knowing the transfer matrix from the transmit-
ter to the platform R ., by a measurement during installation
of the transmitter in the platform and the transfer matrix of
R, , at the mark of the sensor C-1: R ~,, the person skilled 1n
the art knows how to compute the rotation of the mark R, ,
relative to R,, i.e., R,, 7. To process the magnetic and
inertial information, 1t 1s necessary to express same in the
same mark, for example, the mark R, Therefore,
R, =R,, R, -~ must be computed. For this, it is
necessary to know R, which 1s none other than the
direction cosine matrix of the platform that 1s provided by
the mertial unit C-3-2 of the platform, 1n general, in the form
of three Euler angles, Yaw 1), Pitch © and Roll ¢, from
which, R, then R, ,,/** are computed.

The direction cosines of the gyrometers are deduced
therefrom 1n the inertial frame at time t=t_by the formula:

RgﬁiEM(rn =Rpi(t,) Rag s (1) K

[32]

where R, 1s the constant matrix defining the direction
cosines of the gyrometers in the mobile mark M. The
quaternion Q(t ) 1s deduced from RgﬁEM (t ).

The quaternion Q(t,,=t, +k -1 ,) obtained by digital incor-
poration of the equation of the type Q=F(w)Q or in the
incorporated form thereof:

hg=inthglg i~ _ |33-a]
@(fkg) = f F(M(H)Q) o) of the
With the initial condition:Q(z,)=0,(z,) [33-b]

It will be seen that initial conditions are the value of the
state predicted by the model at t, to which 1s added a fraction
of the error between estimated measurement and real mea-
surement.

(0

_ AI(M) _‘i}y (H) _{BE(HJ ) [33' C]
- (o (4) 0 +o,(u) —boy(u)
F(W(H)) =1 . . .
{Uy (H) _ME(H) 0 +‘:Ux(”)
() oy (1) — o (u) o,
Where ©=0 80, 33-d]

calculated from the values provided by the gyrometers

—;h
and corrected of the errors of the gyrometers 0w estimated

by an optimal estimator of the Kalman type (extended: EKF
or “unscented”: UKF) or sub-optimal (“Recursive least
squares’” of the type LMS, RLS, etc.) according to a model
of errors of the type:

o,

—> —>
Sw=b,+AK" [34]

—
where , 1s a random bias and K 1s the matrix of gain,
misalignment and coupling errors between channels.
The propagation of gyrometric errors 1s carried out by a

dynamic model of the terms of 6?-0,, same 1mncorporated as 1s
known to be carried out with a Kalman filter. By calling dQ)
the error between the value Q,** (t) computed by the
magnetic tracker means at time t, and Q(t,) incorporated
from t to t_, the propagation state vector of the errors is for
example of the type:

10

15

20

25

30

35

40

45

50

55

60

65

24
t T RS RS |35]
X=[0 dO b, AK'] :QEF({U(I))Q(I)
U U R [36]
dQ = =F()dO + =C(Q)dw
2 2
- - 1 - [37]
b,=Vgoub, =——>5b,+ Vg
1g
. . 1 [38]
AK = Vi ou AK = ——ﬁK+VK
1y
P = dd 39-a]
Y=d(O+v measures [39-b]
With
-01 —0> —03] [40]
+Qo -0 +0»
(’ =
(& +03 +Qo -
=02 +01 +Qo

v, Vg, Vk are superimposed additive Gaussian noises
centered according to the characteristics of the fluctuations

ol the terms B}m and K of [38-a and 38-b] and the error

provided by the magnetic detection system.
Equations [35] to [38] may be digitally mcorporated 1n

vartous manners or be applied in the form of recurrent
a—
matrix equations. At each instant t _, the parameters of dw are

reset using formulas known by the person skilled in the art
depending on the filter chosen, for example, the Kalman
filter.

In this hypothesis, the resetting formula 1s of the type:
X(In+):X(IH_)+KH( Y- f})

If the Kalman filter (of the standard or extended (EKF) or
unscented (UKF) type 1s used, K 1s obtained using well-
known formulas (prediction and resetting of the covariance
matrix). It K, =1, the prediction model 1s not trusted: reset-
ting consists of initializing the incorporation with Q,”* (t,).
It K, =0, the measures are not trusted, which are not taken
into account. Adjustment of the gain does not form part of
the disclosure, 1n particular because 1t depends a great deal
on experimental conditions (noise, quality of the sensors,
etc.).

The compensation of the latency 1s performed in the
following manner: After the resetting of the filter according
to [41] at the instant t = the equations [35] to [38] are
incorporated over a time t,-1,,/2 up to t;, (the current
time), by using the raw angular velocities stored 1n memory
over the time interval, and corrected according to [33-d].
The 1nitial value of Q 1s the value reset at t ™. A new value
of Q(tkg) 1s obtained. Then, from t,_ to

[41]

Tobs
g + 5

—
at each new acquisition ot w ., Q(t,.) 1s computed according

to the same formulas [33] to [38] up to the new resetting
value Q(t, . ,) date of the arrival of the new orientation of the
tracker system (first onientation). Thus, the compensation
has been carried out.
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The direction cosine matrix R ; (t,.) 1s computed defining
the attitude of the gyrometers in the fixed mark and com-
puted from the quaternion Q(t,,)=[qo q; 9> q5]" of [33] using
the following formula:

go+var—a5—q1  2qi95 —q5q5) 215 +q595) | 142

Aqiqs +9693) o+ DB —a—q1  2gigs + qoqr)

gl

CUASE -k AR+ BrE -4 -4

The matrix defining the direction cosines of the mark of
the mobile object M relative to the reference mark (mark of
the platform R ;) 1s then computed using the expression:

Rm{gﬁ(rkg):Rpffr(rkg)ﬁg;’i(rkg)}eg;’mr [43]

The second ornentation may be defined by the FEuler
angles extracted trom the matrix Rm/p (t, ) using formulas
known by the person skilled in the art.

The method makes it possible, on one hand, to provide at
very high speed (in the order of 10 times {faster) the
estimation of the second orientation, which minimizes the
delay between the provision of the information computed
and the use thereol by the system that carries out the
acquisition thereof at any periodicity and in a manner not
synchronized with t , and, on the other hand, the compen-
sation of the latency by the computation of the trajectory of
(to—1op/2) at t;, thanks to the storing in memory and

correction of the gyrometric speeds of (t,.-1,,,/2) at t, .

Applications

Applications of the invention are mainly those for which
significant accuracy 1s necessary for the position and orien-
tation of a body relative to another body taken for reference
in the presence of strong electromagnetic disturbances. The
position and orientation of the helmet of civilian and mili-
tary aircrait pilots without using magnetic maps 1s a first
application. Numerous applications in surgery, i simula-
tors, capture of movements and video games, etc., are
possible.

The 1nvention claimed 1s:

1. A system for contactless determination of a position and
orientation of a first mobile object (M) relative to a reference
mark (R ) carried by a second fixed or mobile object (P), in
a disturbed electromagnetic environment, comprising:

at least one electromagnetic sensor and at least one

inertial sensor connected to the first mobile object;

at least one transmitter comprising at least one transmit-

ting antenna and at least one inertial unit including
inertial sensors, the at least one transmitter connected
to the second fixed or mobile object, the at least one
transmitting antenna comprising ferromagnetic cores
having eflective relative magnetic permeability higher
than 10, mcorporating sensors for measuring a mag-
netic field X  actually emitted by axes of the ferromag-
netic cores that provides variables for measuring an
actual field emitted by the at least one transmitter;

at least one reference electromagnetic sensor connected to

the second fixed or mobile object; and

a computer for determiming an orientation and position of

the first mobile object depending on signals provided
by the sensors and inertial sensors.

2. The system according to claim 1,

wherein the at least one transmitter 1s configured for

transmitting magnetic induction(s), the at least one
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transmitting antenna including Ne transmitting coils

having non-parallel axes of symmetry, the axes of

symmetry forming a reference mark, wherein Ne 1s

greater than or equal to 2;

wherein the at least one electromagnetic sensor comprises

Nc non-parallel recerving coils, the non-parallel receiv-

ing coils being sensitive to an ambient magnetic field

resulting from a vector sum of fields emitted by the at
least one transmitter and disturbing magnetic fields
generated by electric currents existing 1n the disturbed
clectromagnetic environment and by ferromagnetic
magnetizations, the at least one electromagnetic sensor
forming a measurement mark, wherein Nc 1s greater
than or equal to 2, wherein the product of Nc and Ne

1s greater than or equal to 6;

wherein the computer 1s coupled to:

a first analog/digital conversion means for carrying out
acquisition of analog signals at discrete times
t,.=k*T_ and a second digital/analog conversion
means for generating predetermined currents
injected 1nto the at least one transmitter;

the transmitting antenna comprising the ferromagnetic
cores having eflective relative magnetic permeability
higher than 10, incorporating the sensors for mea-
suring the magnetic field X  actually emitted by the
terromagnetic cores that provide vaniables X (3, t.—k
(1.) T ) for 1=1 to Ne and 1 =1 to Nc; and

means for extracting a signal correlated with a sur-
rounding noise X;,(t,—k, T ) from the sensors con-
nected to the second fixed or mobile object 1 order
to form with the magnetic field X  a complete model
ol the measured fields making 1t possible to extract,
without disturbers, while demultiplexing channels
emitted simultaneously, which makes 1t possible to
compute the orientation and position of the first
mobile object; and

turther comprising means for hybridization comprising:

1) the at least one 1nertial sensor connected to the first
mobile object and forming an inertial sub-assembly
for IMU gyrometric measurements;

11) means for acquiring attitude information of an INS
navigation unit connected to the second fixed or
mobile object; and

111) a system for detecting magnetic tracker posture
connected to the first mobile object and making 1t
possible to cancel out the latency of the means for
detecting position and for providing orientation
information by computing the incorporation of a
differential system governing the dynamics of the
attitude of the object and that of sensor errors.

3. The system according to claim 2, wheremn currents
controlled by the computer are simultaneously emitted on
three axes of symmetry of the Ne transmitting coils con-
tinuously or discontinuously according to a cyclical tempo-
ral pattern ot duration T, ,~T,~N_,.-T -T2 the computer
estimates, continuously and in real time with an output
recurrence Ifrequency F_ . proportional to

Tobs

equal or higher than the frequencies for refreshing video
images, parameters of an analytical model of the vector sum
of all of the fields present in the disturbed electromagnetic
environment, the variables of the model being deduced:
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from measurements taken by a third transmitting sub-
assembly of the at least one transmitter providing the ;
signals Xu,(t,) proportional to the emitted inductions,

from the computation of variables of the type X (3,

t.—k(1)) T ) the linear combination of which is the
model of the disturbances correlated with the transmis-
sion flux, and

from the estimation of the signal sum of the disturbances

radiated from the disturbed electromagnetic environ-
ment B, (t,) not correlated with the fields emitted by
the coils of the at least one transmitter, and either from
the measurements ol the reference electromagnetic
sensor or extracted from the measurements of the signal
from the at least one electromagnetic sensor during the
time T, for switching oft the transmission.

4. The system according to claim 2, wherein the Ne
transmitting coils are wound around a cubic or spherical
ferromagnetic core comprising cylinders or parallelepipeds,
a length-to-diameter or length-to-width ratio of which 1s
higher than 10 and the magnetic permeability 1s higher than
2000, the cylinders or parallelepipeds being interlocked 1n a
substantially 1identical manner according to three directions
defined by the axes of symmetry of the coil windings and 1n
such a way that a barycenter of the ferromagnetic core of
cach axis 1s as close as possible to a common center of the
three coils.

5. The system according to claim 2, wherein a second
orientation 1s computed in the following manner:

at times t,=k-T_, , the quaternion Q(t,) defining the atti-

tude of the at least one 1nertial sensor 1n a frame of the
reference mark of the at least one transmitting antenna
1s computed from the terms of the matrices of direction
COSINES

K gffEM( L) =R ity 'Rm@EM( 1) R o

the quatemion Q(tkg:tk-l.-kg-Tg) obtained by digital incor-
poration of the equation Q(t;,)=

fpg =tk +kg-Tg -, |
0(1) + f A(wm(ug)) = du
%

with Q(t,) being taken from the resetting ot the state vector
X of the type X(t, " )=X(t )+K, (Y-Y) during reception of

the orientation R, “* (t,) giving the measurement
where

(0 =) —Opy () — Oy (1)
A(é’m(u)): (D (1) 0 + 0 () — gy (1)
(Dmy (L) — O () 0 (D (14)
\ Wz (1) Opy(Ut) =y (1) 0,

_ —> —> — = —=»
with w=w ,  -0w, calculated from the values o, pro-

vided by the at least one inertial sensor and corrected of

—;Il
errors of the at least one inertial sensor 0w estimated by

an optimal estimator of the Kalman or sub-optimal type
(“Least recursive squares” of the type LMS and RLS)

according to a model for propagation of errors of the
—> —> —> —> _
type dmw=w ,+K- o , where w , 1s a random bias and K

the matrix of gain, misalignment and coupling errors
between channels:
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the direction cosine matrix R (1, ) defining the attitude in
a fixed mark provided by the at least one 1nertial unit 1s
computed from the formula

(go+a1—q5—q5  2Aqias —9595)  2qiq5 +qbq5)

Ryi=| 2qi95+a95q3) qo+db-a5—a1 2@ +9691)

C 2g195 —9593) 24395 +90q91) G+ — 91— 95,

where Q(t;,)=[d, 9; 9> 951 |
the second orientation provided at t,_ 1s defined by the

direction cosine matrix R, (t;.) d%ﬁning the attitude
of the first mobile object relative to the reference mark
1s then computed using the expression

Rmﬁp(rkg):Rpffr(rkg)ﬁpﬁ(rkg)}eg;’mr; and

the second orientation being provided by the Euler angles
extracted from the matrix R, (t;.).

6. The system according to 2, wherein the first mobile
object comprises a helmet.

7. The system according to claim 3, wherein the param-
eters A(1_,1) of the analytical model determined relative to
the terms X, (t,) and to measurement axis 1_. of the at least
one electromagnetic sensor provide the terms of the dipolar
or multipolar model of the inductive magnetic fields from
the terms of which the computer determines a first value of
the position and orientation of the sensor attached to the first
mobile object on each transmission cycle T _, , the orienta-
tion defined by three Fuler angles Yaw Y, Pitch P, and Roll
R.

8. The system according to claim 3, wherein the prede-
termined currents injected through the Ne transmitting coils
generate predetermined induction fluxes F(t) characteristic
of each axis of the coils and cycles of period T, _, the value
of which 1s close to periods for refreshing display screens,
are such that the induction flux values continuously or
discontinuously measured by the third transmitting sub-
assembly and then digitized form temporal series that are not
linearly dependent so as to form a reversible correlation
matrix.

9. The system according to claim 3, wherein currents
injected by the at least one transmitter result from a large
loop gain control of a direct chain, a setpoint of which 1s a
cyclical signal generated digital/analogue conversion means
in the computer, the cyclical signal being of constant spectral
density (Pseudo-Random Binary Sequence) or dependent on
the frequency, and a return signal subtracted from the
setpoint being proportional to the induction from the third
transmitting sub-assembly.

10. The system according to claim 7, wherein variables
defining the portion of the model linearly dependent on Ne
fluxes F (t) measured, j=1 to Ne, emitted by the Ne trans-
mitting coils and received by the axis 1. of the at least one
clectromagnetic sensor, comprises a linear combination of
the type:

Ne Nie)

Beuplio: 1)), ) Aculics jr ki) Xcu (i 1 — k(i) Te)
J=1 kﬁﬂ)zﬂ

with

Xey(ty =k Tp) = [Xu (g =k T,), Xua(te — ki T, Xus(te — 5 T

in which the terms A -(1_,,k,) for which k., =0 tend toward
the values proportional to the inductive field that would be
measured 1n free space i the absence of any magnetic
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disturbances, the other coeflicients representing the values _continued

proportional to the inductions of the disturbing eflects

linearly dependent on the induction fluxes emaitted. e im |
11. The system according to claim 1, wherein a model of 2, Csclics kse) - cos(@ig i) + Cslie kse) - sin(wrg 1)

alternating signals of the environment of each component 1. s s

of the at least one electromagnetic sensor comprises a sum

of signals of sinusoidal type

NSLT

12. The system according to claim 1, wherein a signal

Nsc measured by the reference electromagnetic sensor B, (1_t,)
BEsclic, i) = 2 i hic)-c08(@t,o 1) + Cics kic)-sin(e, 14 is filtered to obtain reference noise signal B, (i, t,) by the
P 10 Ebr "o Mk

following operations:

the frequenc1es Wy, of which are estimated during the peri-
ods of non-emission T, #trom the signals of the at least one
clectromagnetic sensor to form the variables Xsc of a model ) 5 _
grouping the sum of the model B, (i, t,) and of the model 5 Bru = Bez — Bey with
Bese (1 t): N, N,

Brulic, 1) = >1 >1 Aprclic, J, ko) - Xclic, J, kp).
=1 k=0

N
7 ies o ki) Xclies Joki) +

II
T \45
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